The nature of the pairing symmetry of the first heavy fermion superconductor CeCu2Si2 remains an unresolved issue and is the subject of controversy. While it was generally believed to be a d-wave superconductor, recent specific heat measurements by Kittaka et al. [Phys. Rev. Lett. 112, 067002 (2014)] showed evidence for fully gapped superconductivity, contrary to the expected nodal behavior. We report London penetration depth measurements [∆λ(T )], which also reveal fully gapped behavior at very low temperatures. To resolve this issue, we propose a fully gapped d + d band-mixing pairing state for CeCu2Si2, which yields good fits to both the superfluid density and specific heat, as well as accounting for the previous evidence for a sign change of the superconducting order parameter.
The structures of superconducting order parameters have been frequently studied, due to the close relationship with the underlying pairing mechanism. While the conventional electron-phonon pairing mechanism typically leads to s-wave states with fully opened gaps and a constant sign over the Fermi surface [1] , unconventional superconductors with different pairing mechanisms often form states with a sign changing order parameter [2] . For instance, cuprate and many Ce-based heavy fermion superconductors are generally believed to be d-wave superconductors, with nodal lines in the energy gap on the Fermi surface [3] [4] [5] . On the other hand, in the high temperature iron based superconductors, an s±-state has been proposed, with a change of sign of the gap function between disconnected, nested Fermi surface pockets, but the energy gap remains nodeless [6] . As a result, the surprising recent discovery [7] of evidence for fully gapped superconductivity in the first heavy fermion superconductor CeCu 2 Si 2 [8] requires further attention. Superconductivity in CeCu 2 Si 2 occurs in close proximity to magnetism and samples with either superconducting (S-type), antiferromagnetic (A-type) or competing phases (A/S-type) are obtained via slight tuning of the composition within the homogeneity range [9] . High pressure measurements of CeCu 2 (Si 1−x Ge x ) 2 reveal two distinct superconducting domes, one centered around an antiferromagnetic (AFM) instability at ambient/low pressure, and another near a valence instability at high pressure [10, 11] . The close proximity of superconductivity to an AFM instability suggests that in CeCu 2 Si 2 it is driven by the corresponding quantum criticality. Several experiments have been performed to identify the structure of the superconducting gap, so as to identify the pairing symmetry. Inelastic neutron scattering (INS) measurements clearly indicate that the Cooper pairing is driven by a damped propagating paramagnon mode at the incommensurate ordering wavevector Q AF of the spin-density wave order nearby in the phase diagram [12] . The large intensity of the low energy spin excitation spectrum at Q AF , which reveals a spin gap in the superconducting state, as well as a pronounced peak well below the superconducting gap 2∆ ≈ 5k B T c [12, 16] , implies a sign change of the pairing function between the two regions of the Fermi surface spanned by Q AF [13, 14] . The absence of a coherence peak and the ∼ T 3 temperature dependence of the spin-lattice relaxation rate [1/T 1 (T )] in Cu-NQR further suggested an unconventional superconducting order parameter with line nodes in the gap structure [15, 16] . Angle resolved resistivity measurements indicate a four-fold modulation of the upper critical field H c2 , as expected for a d-wave gap with d xy symmetry [17, 18] , while a sign change spanning Q AF is compatible with d x 2 −y 2 pairing symmetry [13] . As such CeCu 2 Si 2 came to be regarded as an even-parity d-wave superconductor.
However, a recent specific heat investigation reported exponential behavior of C(T )/T at very low temperatures, suggesting fully gapped superconductivity in CeCu 2 Si 2 [7] . Following this work, scenarios of multiband superconductivity with a strong Pauli paramagnetic effect and loop-nodal s ± superconductivity were proposed [19, 20] , where the order parameter of the latter is similar to that often applied to iron based superconductors [6] . Furthermore, scanning tunneling spectroscopy down to 20 mK also hints at a multigap order parameter [21] . Indeed electronic structure calculations reveal that multiple bands cross the Fermi level [7, 22] , and renormalized band structure calculations show that the dominant heavy band (with m * /m e ≈ 500) leads to Fermi surface sheets mainly consisting of warped columns along the c axis [22] . The discrepancies between the pairing symmetries deduced from different measure- ments show that the superconducting order parameter of CeCu 2 Si 2 is poorly understood and therefore, further experiments highly sensitive to low energy excitations are badly needed to resolve this issue. A particular puzzle is how to reconcile the fully gapped behavior with the previous evidence for a sign changing order parameter and nodal superconductivity.
In this letter we probe the superconducting gap symmetry by measuring the temperature dependence of the London penetration depth. CeCu 2 Si 2 single crystals were synthesized by a modified Bridgman technique using a self-flux method [23] . The temperature dependence of the London penetration depth shift ∆λ(T ) = G∆f (T ) was measured down to about 40 mK using a tunnel diode oscillator (TDO) based technique [24] , where ∆f (T ) = f (T ) − f (0), f (T ) is the resonant frequency of the TDO coil, and G is a calibration constant [25] . The samples were characterized using resistivity and specific heat measurements, as shown for the S-type sample in Fig. 1(a) . The residual resistivity of the S-type sample in the normal state just above T c is ρ 0 ≈ 40 µΩ-cm, and a superconducting transition is observed, onsetting around 0.65 K and reaching zero resistivity at about 0.6 K. The transition width of ≈ 0.05 K is in line with recent reports [17] . The specific heat also shows a superconducting transition with T c ≈ 0.64 K, similar to previous results [7] . The A/S-type sample [ Fig. 1(b) ] displays a superconducting transition, onsetting around 0.62 K, with a lower residual resistivity of ρ 0 ≈ 12 µΩ-cm. The specific heat shows both an AFM transition at T N ≈ 0.7 K and a superconducting transition at T c ≈ 0.53 K.
Measurements of the change of London penetration depth ∆λ(T ) = λ(T ) − λ(0) for the S-type sample are displayed in Fig. 2(a) . As shown in the inset, a sharp superconducting transition is clearly observed, with an onset at around 0.62 K. To probe the superconducting gap structure, we analyzed the behavior of ∆λ(T ) at low temperatures, and the results are shown in the main panel. The data were fitted with the exponential temperature dependence for a fully open gap, ∆λ(T ) = AT The penetration depth of the S-and A/S-type samples could also be described by a power law dependence ∼ T n , with n = 2.17 and 2.37 respectively, when fitting from the base temperature to 0.12 K. For line nodes in the superconducting gap in the presence of impurity scattering, ∆λ(T ) may show quadratic behavior at low temperatures which crosses over to linear behavior at an elevated temperature [26] . To check how the exponent n evolves with temperature, we also fitted with the power law expression from the base temperature up to a range of temperatures T up , and the dependence of n on T up is shown in the inset of Fig. 2(b) . It can clearly be seen that for both samples, n increases with decreasing T up , with n > 2. This indicates that the true low temperature behavior is not a ∼ T 2 dependence, as expected for a dirty nodal superconductor, but n increases as expected for superconductivity exhibiting a full gap. Therefore both the specific heat and ∆λ(T ) data appear to be consistent with fully gapped superconductivity at very low temperatures.
The superfluid density was calculated using
2 and is displayed for both S-and A/Stype samples in Fig. 3 , where λ(0) = 2000Å [27] . The superfluid density was fitted following the method of Ref. 28 , for a gap ∆ k (T ) integrated over a cylindrical Fermi surface. The superfluid density data were fitted with an isotropic s-wave model with a gap ∆(T ) = ∆(0)tanh 1.82 1.018 [29] , as well as a dwave model with line nodes (∆ k (T, φ) = ∆(T )cos2φ, φ=azimuthal angle). As shown in Fig. 3(a) , a single isotropic s-wave gap cannot account for the data of the Stype sample. The d-wave model shows reasonable agreement above 0.5 T c , but the agreement is poor at low temperatures, since for this model ρ s (T ) is linear, but the data are not. The agreement with the d-wave model at higher temperatures is consistent with the previously reported evidence for d-wave superconductivity. The data were also fitted using a two-gap s-wave model [29] , and this gives reasonable agreement. The fitted gap values are ∆ 1 (0) = 0.75k B T c and ∆ 2 (0) = 1.96k B T c , with a fraction for the smaller gap of x s = 0.26. Both gap values are slightly larger than the ones obtained for the two-gap model in Ref. 7 . Similarly, neither the s-nor d-wave models could describe the superfluid density of the A/S-type sample [ Fig. 3(c) ], but the data could be fitted using a two-gap model with ∆ 1 (0) = 0.75k B T c , ∆ 2 (0) = 2.0k B T c and x s = 0.26. On the other hand, it is difficult to reconcile an s-wave model with the evidence for a sign changing gap function. There are proposals to account for a peak in the inelastic neutron scattering response of superconductors which do not require a sign change [30] . However, here the peak would be very broad and appear above 2∆ [30] , in contrast to the case of CeCu 2 Si 2 where the sharp spin resonance forms at the edge of a spin gap well inside the superconducting gap [12] . Furthermore, both the high sensitivity of T c to potential scatterers such as nonmagnetic impurities [10, [31] [32] [33] , as well as the lack of a coherence peak [15, 16] [12, 34] , an anisotropic order parameter with a sign change is generally anticipated [2] .
Since the nesting in CeCu 2 Si 2 is inside one (strongly renormalized "heavy") band [35] , the proposed loopnodal s ± state [20] does not appear to provide a nodeless state with the required sign change of the superconducting order parameter along Q AF , which separates the flat warped regions of the dominant heavy Fermi surface [35] . In the present work, we consider a pairing function with an effective gap as a result of intraband pairing with d x 2 −y 2 symmetry and interband pairing with d xy , which preserves both the fully gapped nature and order parameter sign change along Q AF on such a nested Fermi surface. This is a generalization of the orbital selective pairing state, also proposed for iron based superconductors [36, 37] . There the ∆ ∼ s x 2 y 2 (k) × τ 3 ("sτ 3 ") pairing function is introduced, as a product of an s-wave form factor and a Pauli matrix in the d xz , d yz orbital sub-space. For that case, the inter-orbital mixing in the dispersion part of the Hamiltonian ensures that in the band basis the pairing is equivalent to a superposition of intra-and inter-band components with d x 2 −y 2 (k) and d xy (k) form factors respectively. The resulting quasiparticle spectrum acquires a non-vanishing |∆(k)| 2 contribution, as the two components are added in quadrature, ensuring a full gap with a sign change between the two electron sheets. It is also shown how this two-orbital pairing channel can be stabilized within a self-consistent five-orbital model, with a full gap and a resonance in the spin-excitation spectrum. Similar to the case considered in Ref. 36 , Q AF of CeCu 2 Si 2 will connect two parts of the Fermi surface in the intraband component (see Fig. 4 ), thereby generating an enhanced spin spectral weight just above a threshold energy E 0 = 3.9k B T c [12] .
In the following, we apply a simplified model for the gap structure to CeCu 2 Si 2 , given by summing contribu-tions from the two d-wave states in quadrature, with
, where δ(T ) is the BCS gap temperature dependence used previously. In general, a d + d band-mixing pairing can introduce corrections to the gap given above, due to the non-degeneracy of the bands throughout the Brillouin zone. We ignore these terms, which are expected to be sub-leading close to the Fermi surface. Although the d xy and d x 2 −y 2 states each have two line nodes, the nodes of the two states are offset by π/4 in the k x − k y plane and as a result, the gap function is nodeless everywhere on a cylindrical Fermi surface. It should also be noted that for this model the same ρ s (T ) is calculated upon exchanging ∆ 1 (0) and ∆ 2 (0). The superfluid density of the S-type sample was fitted using this model and the results are shown in Fig. 3(b) . It can be seen that such a model can also fit the data well, with gap parameters of ∆ 1 (0) = 0.58k B T c and ∆ 2 (0) = 2.5k B T c . In Fig. 3(d) , ρ s (T ) for the A/S-type sample is also fitted, with similar parameters of ∆ 1 (0) = 0.6k B T c and ∆ 2 (0) = 2.54k B T c . The values of the larger gap agree very well with the gap value obtained from Cu-NQR measurements at higher temperatures [16] . In addition, we can also fit the specific heat data from Ref. 7 using this model, with similar parameters [37] . Furthermore, this model only uses two fitting parameters, while the two band s-wave model of Ref. 7 has three.
Both the superfluid density and specific heat results are consistent with a model of the d + d band-mixing pairing state, which can also explain the sign change of the superconducting order parameter. Although the fully gapped nature of the pairing state means that the density of states N (E) is zero at low energies, N (E) is nearly linear above the small gap, much like for pairing states with line nodes. This is also consistent with the literature results showing d-wave superconductivity [15, 16] , which were not obtained at low enough temperatures to observe clear evidence for fully gapped behavior. The lack of a coherence peak below T c in the Cu-NQR 1/T 1 (T ) measurements [15, 16] can also not be accounted for by a two-gap s-wave model, but is readily taken into account by the anisotropic d + d state, which changes sign along Q AF across the Fermi surface. In addition, when ∆ 2 > ∆ 1 , the maxima and minima of the gap function are located in the same positions as in the case of the d xy gap and therefore this may also explain the observation of a four-fold modulation of H c2 in the k x − k y plane which was found to be compatible with d xy symmetry [17] . We note that the effective gap corresponding to a d + d band-mixing pairing is formally identical to one obtained from a d + id pairing and the good fits to ρ s (T ) and the specific heat are also consistent with this pairing. In the d + id state, time-reversal symmetry would be broken and although no clear experimental indication of a time-reversal symmetry breaking superconducting state was found from µSR measurements of A/S type   FIG. 4 . An illustration of the warped parts of the cylindrical Fermi surfaces (red) in CeCu2Si2 at particular values of kz, corresponding to the nesting portions of the three-dimensional Fermi surface, as well as additional smaller pockets (blue) projected onto the kx −ky wavevector plane [22] . The component Q AF of the antiferromagnetic wavevector Q AF projected into the same wavevector plane connects the parts of the heavy Fermi surface with a sign change in the intraband pairing component. The corresponding Fermi surface and nesting wavevector τ = Q AF in the three-dimensional space are those displayed in Fig. 3(b) of Ref. 35. samples [38] , this requires further study. By contrast, a d + d band-mixing pairing conserves the invariance under time-reversal, while a priori generating the expected sign-change.
In conclusion, we have measured the change of penetration depth ∆λ(T ) and normalized superfluid density ρ s (T ) of the heavy fermion superconductor CeCu 2 Si 2 . The behavior of ∆λ(T ) at very low temperatures agrees with fully gapped superconductivity, as seen from specific heat measurements [7] . We demonstrate that a nodeless d + d band-mixing pairing state can account for the temperature dependence of both the superfluid density and specific heat. This state has the necessary sign change of the superconducting order parameter along Q AF on the heavy Fermi surface deduced from INS [12] , and is consistent with the lack of a coherence peak in 1/T 1 (T ). The model also explains the consistency of d-wave superconductivity at higher temperatures, previously reported from 1/T 1 (T ) measurements [15, 16] . We therefore propose this pairing state to be the superconducting order parameter of CeCu 2 Si 2 . Given that this is also a strong candidate pairing state for FeSe based superconductors [36] , such a d + d band-mixing pairing model may well be applicable to a wider range of fully gapped unconventional superconductors, including the case of a single CuO 2 layer [39] .
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THEORY OF THE d + d PAIRING
A priori, the d + d multiband pairing functions used in the analysis described in the main text can (i) produce a full gap along the Fermi pockets illustrated in Fig. 4 (main text) and (ii) introduce a sign change between regions of the Fermi surface connected by the antiferromagnetic wavevector Q Q Q AF and hence allow for the presence of an in-gap (below 2∆) peak in the dynamical spin susceptibility. Reconciling points (i) and (ii) is crucial for any proposed pairing, as indicated by the experiments discussed in the main text. This pairing function has clear conceptual advantages over the more conventional single and two s-wave gaps or the single d-wave gap, all of which are also minimal and phenomenological, but have difficulty allowing for both requirements (i) and (ii).
A pairing of multiband d+d type was initially proposed in Ref. S1 by two of the authors, in the context of similar experimental results for Fe-chalcogenide superconductors (SC). In view of the availability of detailed effective tightbinding models and of well-established orbital-dependent correlations in that case, the pairing was introduced in an orbital basis. Dubbed an "sτ 3 " pairing, it consisted of the direct product of an s-wave form factor and a Pauli matrix τ 3 in the space of 3d xz and 3d yz orbitals, which altogether change sign under a π/4 rotation in the Brillouin zone (an irreducible B 1g representation of the D 4h point group). One of the essential aspects was that in a welldefined, minimal two-orbital model, the non-interacting band part and the pairing matrices do not commute. In an equivalent band basis, this results in both intraand inter-band pairing components, which are associated with d x 2 −y 2 (k k k) and d xy (k k k) form factors respectively:
where α 3 and α 1 are Pauli matrices in band space. The intra-band pairing, denoted by α 3 , must vanish along the diagonals of the BZ, while the inter-band pairing, marked by α 1 , vanishes along the axes. Crucially, both components cannot vanish simultaneously, excluding the zeroes of a common s-wave form factor. As an important consequence, the gap is essentially given by the quadrature of the two components and it is finite throughout, on the FS. The situation in this case is illustrated by Fig. 1 in Ref. S1 . While the two-orbital model allows for analytical studies of the gap structure and excitation spectra, the sτ 3 pairing is readily generalized to more complex cases. Indeed, in a more realistic five-orbital model for the Fechalcogenides, it was shown in Ref. S1 that the proper- 
where the cos(2φ) and sin(2φ) stand for effective d x 2 −y 2 and d xy form factors respectively. The effective gap is then given by |∆| 2 , which, in view of the anticommutation of the Pauli matrices, reproduces the expression given in the main text. For CeCu 2 Si 2 , the analogue of Fig. 1 of Ref. S1 is given in Fig. 4 of the main text.
Finally, we note that sτ 3 is one of the pairing states driven by magnetic fluctuations. Indeed, in the microscopic models for the Fe-based SCs in which unconventional superconductivity is induced for short-range spinexchange interactions, the phase diagram for the superconducting pairing state was studied in Ref. [S1] . It was shown that the sτ 3 pairing is stabilized over an extended region of the phase diagram. It is worth underscoring that the entire pairing function in Eq. (S1) -as opposed to the individual ∆ 1 (k k k) [ In short, the minimal d + d multiband pairing pro-vides a simple scenario which can in principle reconcile seemingly contradictory experimental signatures. In particular, it provides a good fit to the observed penetration depth and superfluid-density measurements.
SPECIFIC HEAT
We have reanalyzed the specific heat data digitized from Ref. S2 using the d + d band-mixing pairing model described in the main text. As shown in Fig. S1 , the data can also be well described using this model, with fitted parameters ∆ 1 (0) = 0.55 k B T c and ∆ 2 (0) = 2.08 k B T c . The value of the small gap is similar to that obtained from the superfluid density fit, while the large gap is smaller in comparison. It should be noted that the calculated superfluid density requires an estimation of G/λ(0), and the small differences in the gap values from the fits may arise due to uncertainties in this value.
